Abstract: The interfacial energy of Cu nanocrystals precipitated within the amorphous matrix of FINEMET (molar composition Fe72.89Si16.21B6.90Nb3Cu1) was determined through a combined experimental-numerical approach. Specifically, we used the Langer-Schwartz model implemented in the software Thermocalc to carry out parametric simulations of growth and coarsening of Cu clusters for different interface energies. We also carried out atom-probe tomography (APT) experiments to determine the interface energy as the value for which the simulated particle size distribution best matches the experimental data. This combination of APT and precipitation modeling can be applied to other nanocrystals precipitated within amorphous matrices.
The interfacial energy between precipitates and a matrix is an important property that determines many physical quantities of interest in alloys ̶ from the critical radius, activation energy, and nucleation rate in the early stages of the process, to the coarsening rates of the formed nanoparticles. Hence, models of nucleation and growth use the interface energy as a key parameter [1] [2] [3] [4] [5] [6] [7] [8] to develop theoretical formulations for nucleation, growth, and coarsening. The early work of Wagner, 1 Lifshitz, and Slyozov 2 assumed sharp interfaces and derived a coarsening law by which the mean radius of a new phase nucleated in a matrix increases as the cube root of time , ( ) = (0) + 1/3 , with the coarsening rate constant depending on interface energy ; 9 models based on diffuse interfaces 10, 11 lead to similar conclusions regarding the coarsening behavior. In the context of Ni-based super-alloys with ' phase precipitates, experimental data from scanning electron and transmission electron microscopy was fit to the 1/3 power-law to determine coarsening rates and interface energy. [10] [11] [12] [13] At the same time, direct, "bottom-up" approaches are also available to assess interface energies. In a model due to Bekker, 14 the interface energy is estimated from the enthalpy difference between the two phases that create the interface, with a pre-factor dependent on the number of atoms and cross-bonds per unit area of the interface. 14 The widespread use [15] [16] [17] [18] of the Bekker model relies on its simplicity, generality, and appeal to scientific intuition. However, this model assumes simple, atomically planar interfaces, while not allowing for precipitate curvature, diffuse interfaces, compositional variations, or matrix non-crystallinity. Use of density functional theory calculations improves the accuracy of the computed interface energy values for planar interfaces, 19 but may not suitably address cases of curved interface, amorphous matrices, and compositional gradients.
In this article, we use atom-probe tomography (APT) and growth simulations to tackle the determination of interface energy of a crystalline-amorphous interface between precipitate and matrix, for the case of Cu clusters crystallized in an amorphous matrix of FINEMET (composition Fe72.89Si16.21B6.90Nb3Cu1). The fundamental importance of the Cu clusters is that they serve as nucleation sites for the larger Fe3Si nanoparticles 20, 21 that are responsible for the soft magnetic properties of annealed FINEMET. [22] [23] [24] At the interface of the Cu clusters with the Fe-Si-Nb-B-Cu matrix, the phases are dissimilar in both chemistry and structure: the matrix is amorphous and rich in Fe and Si, while the precipitates are crystalline Cu clusters that are neither planar nor regularly shaped. 20, 21, 25 nucleation rate, and volume fraction of Cu clusters, and make comparisons to other experimental works as well. These results highlight the sensitivity of the precipitation processes to the interface energy value, and can be applied to other nanocrystals crystalized within amorphous matrices as well.
In our characterization procedure, amorphous FINEMET samples (Fe72.89Si16.21B6.90Nb3Cu1, atomic %) were annealed at 540 °C for one hour, after which the specimens were prepared and analyzed using APT. The atom probe analysis was performed on a Cameca LEAP 4000X Si instrument using laser pulsing and a 90 mm flight path. The base temperature was 57.3 K. Laser pulsing was performed at 625 kHz using energies from 30 -60 pJ at a detection rate of 6 to 30 ions per 1000 pulses. The standing bias during analysis was 1200 -7500 V. Transmission electron microscopy was performed on the specimens before and after APT analysis, providing additional constraints for generating the reconstruction. 26 Figure 1(a) shows the specimen (tip) before APT. The size and number density of Cu clusters were determined employing the maximum separation method, using clusters with more than 35 Cu atoms separated by a maximum distance of 0.4 nm; these analysis parameters are comparable with a previous report on FINEMET with a somewhat different composition. 27 With the detection performed via the maximum separation method, the Cu clusters are depicted as orange domains in In addition to APT characterization, we also used a precipitation model developed in the precipitation on the secondary precipitation of Fe3Si nanocrystals that are responsible for the softmagnetic behavior; the latter may involve exploring initial growth behavior, i.e., outside the asymptotic power law regime. Ultimately, to explore the possibility of forming primary nucleation sites from components other than Cu and/or alloys other than FINEMET, will require this experimental-simulation approach to first determine the interface energy value, and subsequently use it in simulations to control the size and density of clusters via composition and ageing time.
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